Introduction
The solid acid proton conductors based on tetrahedral oxyanions comprise a family of materials that has attracted considerable attention for their potential uses as proton conducting electrolytes in the intermediate temperature range from 100 to 300 °C [1] [2] [3] [4] . Caesium dihydrogen phosphate (CsH2PO4, CHP), the mono caesium salt of phosphoric acid (H3PO4), is among the most thoroughly studied solid acids, showing a superprotonic phase-transition at about 230 °C [5] . Above this threshold temperature a dynamic disordered hydrogen bond network is developed, resulting in an increase in the proton conductivity by several orders of magnitude. For example, when the temperature is increased from 223 to 233 °C the proton conductivity of CHP increases from 8.5 × 10 -6 to 1.8 × 10 -2 S cm -1 [3] . Fuel cells based on CHP thin films as electrolyte show power densities as high as 400 mW cm -2 at 240 °C [6] . However, at temperatures above 230 °C the CHP gradually dehydrates to Cs2H2P2O7 and further to CsPO3 [7] . Active humidification prevents the dehydration and stable fuel cell operation can be achieved at 235-243 °C [8] . In this connection, heterogeneous doping with alumina [9] or zirconia [10] have been found to suppress the dehydration and to stabilize the high conductivity phase. Similarly, at temperatures below the superprotonic phase transition the conductivity depends on the amount of water in the structure and particularly on strongly bound surfacewater [11] . To broaden the operational temperature window to lower temperatures, incorporation of caesium hydrogen sulfate (CsHSO4, CHS) [12] [13] [14] or finely dispersed SiO2 [15, 16] , SrZrO3 [17] , H3PW12O40 [18] , NdPO4 [19] or guanine [20] within the structure have proven successful.
CHS, the mono-caesium salt of sulfuric acid (H2SO4), shows a similar superprotonic phase transition as CHP but at a considerably lower temperature of 140 °C [21] . In terms of stability, dehydration at temperatures above the superprotonic phase transition temperature is of critical concern for CHS as well [22] . The proton conductivity of CHS at temperatures below the superprotonic phase transition is typically in the 10 -7 -10 -6 S cm -1 range at 100-130 °C [21] .
Several approaches to increase the proton conductivity of CHS in this temperature range have been reported throughout the years, focusing on the development of binary inorganic systems with SiO2 [23] [24] [25] , P2O5-SiO2 [26] , TiO2 [27] , H3PW12O40 [28] or CsH2PO4 [12] [13] [14] . Recently, binary mixtures composed of CHS and organic N-heterocycles were prepared by mechanochemical synthesis and thoroughly characterized [29, 30] . For the binary compounds of CHS containing 20 mol% 1,2,4-triazole (Tz) or imidazole (Im) the conductivity reached as high as 10 -3 S cm -1 at 80 °C, which is about 3-4 orders of magnitude higher than that of the pure compounds. For the binary system with benzimidazole (BIm) the effect was considerably less pronounced. It was proposed that the acid-base interactions between the acidic CHS and basic N-heterocycles promote the disordering of the sulfate groups leading to enhanced proton mobility in the lower temperature regime [29, 30] . Similarly, addition of a small amount (up to 12 mol%) Im to H2SO4 has been found to promote the proton dissociation and generation of proton defects, ultimately leading to enhanced ion conductivity [31] . This is apparently different from phosphoric acid [32, 33] , where water seems to be the only Brønsted base that can increase the concentration of ionic charge carriers as well as promote the proton mobility [34] .
The proton conductivity of nominally dry phosphoric acid is remarkably high due its unique hydrogen-bond network structure, through which protons diffuse almost entirely by the Grotthuss-type mechanism at high phosphoric acid concentrations [35] . In combination with its low vapor pressure, it is therefore the most promising dopant used for high temperature polymer electrolyte membrane fuel cells based on N-heteroaromatic polymers [36, 37] .
However, the strong adsorption of phosphoric acid on the platinum electrocatalysts at cathodic potentials results in poor performance at low currents. As discussed by Kreuer [34] , replacing phosphoric acid with CHP as the proton conducting electrolyte could be one way to enhance the kinetics for the oxygen reduction reaction. 
Experimental

Materials
CsH2PO4 was prepared from a mixture of Cs2CO3 (Aldrich, 99%) and aqueous H3PO4 (Aldrich, 85%) with a slight over-stoichiometry of the acid. Polycrystalline CsH2PO4 was subsequently precipitated in methanol at room temperature. The precipitate was then filtered off and extensively washed with methanol and finally dried at 80 °C overnight.
CsHSO4 was prepared from an equimolar mixture of Cs2SO4 (Aldrich, 99%) and H2SO4
(98%, Aldrich) in aqueous solution. CsHSO4 was precipitated in methanol, isolated by filtration and extensively washed with methanol and dried for one week at 60 °C.
The inorganic-organic binary compounds were synthesized by blending the CsH2PO4 or CsHSO4 with the N-heterocycles (1,2,4-triazole, benzimidazole and imidazole, SigmaAldrich) at different ratios, followed by solid-state ball milling at 700 rpm for 4 h, using a ball mill with an agate pot (Fritsch, 45 mL) and 10 agate balls made of tungsten carbide (10 mm in diameter). The obtained materials were stored under dry inert atmosphere in a glove-box until further use.
Characterization
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed on a Netzsch STA 409 PC under air atmosphere at 10 °C min -1 . X-ray diffraction (XRD) was carried out using a Rigaku MiniFlex 600 equipped with a Cu Kα X-ray source (λ=1.5418 Å) in the range from 3° to 100° 2θ. The Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer Spectrum Two in attenuated total reflectance (ATR) mode, using a Golden Gate high temperature heated diamond ATR top plate from Specac.
The proton conductivity was measured by electrochemical impedance spectroscopy over a frequency range of 1-10 6 Hz using a Princeton Versastat 4 potentiostat equipped with
Versastudio software. For electrochemical characterizations, the powders were pressed into disk-shaped tablets of 13 mm diameter of varying thicknesses (around 0.5 mm). This was done by uniaxial pressing at 2000 kg cm -2 for 2 minutes at room temperature. In order to improve the contact between the pellet and the electrodes, a thin layer of silver paste (Loctite ® 3863, Henkel Co.) was painted on both sides of electrolyte tablets. For the humidity control, a mixture of air and water was used as the purging gas. Water was fed to an evaporator using a Shimadzu
Prominence LC-20AD water pump and the steam was converged with the air-flow, decompressed from 7 bar and controlled by a Brooks Instrument 0254 mass flow meter. At temperatures below 100 °C the measurements were carried out under un-humidified air. Unless otherwise noted, the partial pressure of steam was 0.4 atm.
Results and discussion
Binary materials based on CHP or CHS and a set of N-heterocycles were prepared by mechanochemical synthesis, according to methodology previously described in the literature [18, 29] . The fundamental physicochemical properties of the N-heterocycles are listed in Table Table 1 N-heterocycles used for the screening and their corresponding physical properties [38] . than the starting materials [29, 30] . Particularly, the main CHS peak at 2θ = 25.1° was found to shift to lower angles as previously reported [30] . In contrast, the XRD patterns of the binary Table 2 .
N-heterocycle
The dehydration of CHP occurred in two steps, with a first onset close to the superprotonic phase transition (227 °C). Tz, BIm and Im showed the first endothermic peaks at 119, 170 and 88 °C, respectively, in good agreements with the melting temperatures (see Table 1 ). Furthermore, endothermic peaks were recorded at 208, 284 and 220 °C, respectively, likely corresponding to the boiling. However, the major onset of weight loss for Tz, BIm and
Im was about 137, 205 and 140 °C, indicating that the vapor pressure at temperatures well below the boiling temperatures is sufficiently high to result in a significant evaporation rate.
The endothermic peaks of the binary mixtures based on CHP were in agreement with the peaks of the individual components, further supporting the XRD and FT-IR data. In context of the acid-base chemistry, the results from the XRD, FT-IR and TGA/DTA studies in the present work confirm previously reported data for the mixtures based on CHS [29, 30] .
The pKa corresponding to the dissociation of HSO4⁻ is 2.0 (in water), which is similar to the pKa corresponding to the dissociation of H3PO4. Consider the varied pKaH values of 2.4 for Tz, 5.6 for BIm and 6.9 for Im, CHS is sufficiently acidic to interact with Tz, BIm and Im, leading to formation of extensive hydrogen bonds or eventually inorganic-organic ionic salts by complete transfer of its proton, as shown in Figure 4 (left).
The pKa corresponding to the dissociation of H2PO4⁻, on the other hand, is around 7.2 in water. It indicates that CHP is about 5 orders of magnitude less acidic than CHS and thus not sufficiently acidic to protonate Tz, BIm or Im to any significant extent. Heterogeneous mixtures were thus obtained when CHP was mixed with the N-hetercycles, as illustrated in Figure 4 (right).
Figure 4 Chemical structures of the binary N-heterocycle mixtures based on CHS (left) and CHP (right).
We can now have a closer look at the TGA/DTA data in Table 2 . Strong acid-base interactions between CHS and Im (strongest), BIm (medium) and Tz (weakest) result in formation of inorganic-organic salts and therefore stabilize the volatile base molecules by electrostatic interactions. As a result, the onset temperatures are found to increase by 85 °C for CHS-Im, 27
°C for CHS-BIm, and 9 °C for CHS-Tz compared to the individual N-heterocycle. For the CHP mixtures, however, the mismatched acidity relative to the N-heterocycles leads to a low degree of ionization and the thermogravimetric behavior of the volatile bases thus remains unchanged in relation to their pristine forms. The binary systems based on CHP are therefore better understood as heterogeneous composite systems, rather than homogenous mixtures.
As shown in Figure 5 , the ion conductivity of pure CHS and CHP was found to increase by several orders of magnitude at about 140 and 230 °C, respectively, in good agreement with the data in the literature [5, 21] . As described previously in the literature [3, 9] , the ion conductivity of CHP and CHS showed thermal hysteresis during the heating-cooling loop. The binary mixtures of CHS and Tz or Im showed significantly enhanced conductivity at temperatures below the superprotonic phase transition of pure CHS, confirming the results reported by Oh et al. [30] . For example, the ion conductivity at 100 °C of the binary mixtures of CHS and Tz or Im was about 1.5 mS cm -1 , as compared with about 6 × 10 -4 mS cm -1 for pure CHS. As discussed above, the binary systems based on CHP and the N-heterocycles are best described as heterogeneous composite systems composed of a N-heterocycle phase dispersed in a structural porous matrix of CHP. In this connection, the physicochemical properties of the composite electrolyte largely depend on the structure of the composite and the interphases between the components [43] . In confined spaces, the physicochemical properties and ion conductivity behavior of N-heterocycles such as Im [44] or Tz [45] can be strongly modulated.
In this work, it is obvious that the N-heterocycles dispersed in the solid acid matrix phase provide an environment that show enhanced ion conductivity at temperatures well-below the superprotonic phase transition of CHP. This is likely due to weak hydrogen-bond interactions between CHP and the N-heterocycles, promoting the proton dissociation and thus the generation of proton defects, which mechanistically is an underlying process in the conduction of protons [46, 47] .
Conclusions
Binary 
